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at least twice as far as selfed seeds in this species (Schmitt, Ehrhardt, and Swartz, 1985) , seeds may be preferentially dispersed into habitats in which they are most likely to succeed.
Local adaptation may also increase the cost of sexual reproduction. With one proposed cost of sex, recombinational load, sexually produced offspring are predicted to be less fit than their parents due to the breakup of coadapted gene complexes (Wright, 1931; Shields, 1988) . In particular, if coadapted gene complexes conferring local adaptation to two different environments are shuffled, offspring could be less fit in both environments (Williams, 1975) . Asexual reproduction would preserve local adaptation, but, unlike selfing, would not incur the cost of inbreeding depression. To be able to argue that the preservation of local adaptation within a population is an important advantage of asexual reproduction (Antonovics and Ellstrand, 1985; Kelley, Antonovics, and Schmitt, 1988) , one must first demonstrate that local adaptation exists, and at the appropriate scale, i.e., within the scale of gene flow in the population.
This field experiment tested whether asexual progeny of Allium vineale L. are locally adapted to the parental environment, such that their performance would decline as they dispersed farther from the parent. If so, local adaptation could favor asexual reproduction in this species. Allium vineale, a long-lived perennial, produces aerial sexual (seeds) and asexual (bulbils) progeny. These propagules have very similar dispersal shadows and germinate within the first year after dispersal (Ronsheim, 1994) .
In this study I used bulbils to replicate two different genotypes at each parental location, one parental genotype (''home'') and one randomly chosen genotype (''away''). Simply showing a decline in performance with distance from the parent would not demonstrate that a particular genotype is locally adapted, as that pattern might result for any randomly chosen genotype in the population. Therefore an ''away'' genotype was used to test for genotypic specificity in response to the parental [Vol. 84 AMERICAN JOURNAL OF BOTANY Fig. 1 . Diagram of experimental set-up. The parental plant was located at the center of this array. Each x marks where a bulbil was planted, and the distance between the two x's at a given location was 5 cm. Note that the outer circle is not drawn to scale.
environment. In addition, distances on the order of centimetres were used, as that is the relevant dispersal scale for Allium vineale (Ronsheim, 1994) . This study tests whether ''home'' bulbils of Allium vineale demonstrate a relative performance advantage at the scale of natural dispersal. If so, local adaptation may be one factor favoring asexual propagules in this species.
MATERIALS AND METHODS
Study species-Allium vineale L. (Liliaceae), wild garlic, is a weedy, long-lived perennial which produces aboveground leaves from September through May. It is commonly found in fields and along roadsides. Allium vineale produces both sexual (seeds) and asexual (bulbils) progeny on an aerial scape, in proportions ranging from 100% sexual to 100% asexual progeny (Richens, 1947; M.L. Ronsheim, personal observation) . However, the most frequent reproductive mode is asexual. The potential for natural selection to act on the production of sexual vs. asexual progeny exists in this population, as the proportion of sexual to asexual progeny produced is highly heritable (0.823, estimated from parent-offspring regression; 0.689, estimate of clonal heritability; J.D. Bever and M.L. Ronsheim, unpublished data) . Both propagule types are dispersed beginning in mid-August, and travel to a mean distance of 34 cm from the parent, with most propagules falling within 1 m (Ronsheim, 1994) . Germination occurs during the following fall and early winter.
Bulbils are ideal to use as replicated genotypes because they disperse and germinate much as seeds do. Although many studies have used ramets to test for local adaptation (e.g., Antonovics and Ellstrand, 1985; Scheiner and Teeri, 1986; Miller and Fowler, 1994) , doing so bypasses potentially critical germination and establishment phases. Also, in contrast to other asexual propagules that remain connected to the parent by rhizomes, bulbils are not physiologically connected to the parent after dispersal and thus no nutrient transfer can occur during establishment.
In addition to aerial propagules, Allium vineale produces underground asexual offsets, which are analogous to the cloves of domesticated garlic (Allium sativum). These propagules may remain dormant for up to 5 yr (Strizke and Peters, 1972) . While plants are unlikely to produce aerial reproductive stalks until they are 5-7 yr old, offsets can be produced by plants in their first year of growth. Therefore offsets are included in the total bulb mass in the analyses presented here.
Study site-The experiment was planted in a field at the corner of Duke University Road and Anderson Street, Durham, NC. This field has been maintained as a mown field for over 50 yr, and Allium vineale has been present as 1-5% of the total vegetative cover for at least 25 of those years, and probably much longer (see Fowler, 1978; Fowler and Antonovics, 1981) . During the course of this experiment, the field was mown annually in the fall before the emergence of Allium vineale.
Experimental design-To test whether asexually produced progeny are locally adapted to the parental environment, bulbils were planted in concentric circles at different distances around their parents. These distances covered the normal range of dispersal for seeds and bulbils (5, 25, 50, and 100 cm), with an additional long-range dispersal distance (10 m). This farthest distance was much greater than normal dispersal distances (Ronsheim, 1994) , allowing examination of a larger scale of spatial heterogeneity. Each bulbil of the parental genotype was planted next to an ''away'' bulbil genotype, to test whether patterns observed were specific to the genotype of the parent, or whether a randomly chosen genotype would respond in the same way (Fig. 1) . The local adaptation hypothesis would not be supported if both the ''home'' and ''away'' genotypes had the highest growth rates close to the parental location, for such results would indicate that the parental location was simply a good microsite for A. vineale in general. A performance advantage to the ''home'' genotype at all distances would indicate local adaptation at a scale larger than 10 m.
Infructescences from 24 parents were collected in August 1989 (see description of study site above). The location of each of the 24 parents was marked with flagging. Haphazard collections were made such that parents came from a wide array of locations within the field, with at least 4 m between them. Each parental location was considered a separate block in the experimental analyses, with the center of the block corresponding to the location of the parent.
Two different clonal genotypes were planted in each block, one of which was the parental genotype, and the other an ''away'' genotype. The ''away'' genotypes came either from another parent in that field (13 arrays out of 24 total) or from a nearby field (Ͻ1 km away) located at Erwin Road and Ninth Street, Durham, NC (11 arrays of 24 total). This nearby field was used to ensure that there were differences among the ''home'' and ''away'' genotypes, as asexual reproduction is common and the genetic structure of the experimental population is unknown. The two bulbils at each position (''home'' genotype and ''away'' genotype) were planted 5 cm apart to minimize interactions between them (Ronsheim, 1992) .
Bulbils were weighed, and randomly assigned to planting locations within each of the 24 blocks. Bulbils were planted when germination was observed in the field in mid-October. Flags were placed 10 m away from the center of the block at 60Њ intervals, with location 1 pointing due north, location 2 at 60Њ, location 3 at 120Њ, and so on (Fig. 1 ). Bulbils were planted along those compass directions on each of the concentric circles and marked with toothpicks. Thus there were a total of six replicates of each genotype at each distance, with the exception of the 5-cm distance, which had only three replicates, due to the small circumference of the circle. A total of 1296 bulbils were planted, and over 96% germinated.
The heights of all the leaves were measured in mid-March 1990. The sum of leaf lengths for each individual was used as an estimate of the first year's growth. The plants were harvested after the aboveground leaves died back in May 1991, after two growing seasons (1989) (1990) (1990) (1991) . Overall, 87% of all the planted bulbils were retrieved as bulbs. Any loss of bulbs due to rodent tunnels, missing toothpicks or flags, or other obvious disturbances were treated as missing values (2% Fig. 2 . The relative performance of the ''home'' and ''away'' genotypes at different distances from the center, summed over all blocks. The dependent variable is the log-transformed total bulb mass. Note that the horizontal axis is on a log scale. Error bars represent 1 SE. Overall, there is a signficant distance effect, and ''home'' bulbils outperformed ''away'' bulbils at 25 cm. overall). All other losses due to natural causes were included in the analyses as zeros. These losses were random with respect to treatment. The harvested bulbs were dried until a constant mass was achieved. Thus the response variable for the second growing season consists of the total mass of the dried bulbs and their offsets. Numbers of bulbils and flowers produced are strongly correlated with bulb mass (P Ͻ 0.001, Pearson correlation coefficient ϭ 0.688; M.L. Ronsheim, unpublished data) . The total dry mass of the plants in this experiment were 5-10 times smaller than that of plants that produce aerial propagules.
Statistical analysis-A mulitvariate analysis of variance was used (PROC GLM in SAS, 1985) , with distance from the center of the block and source of propagule (home or away) as fixed effects. The overall model was a randomized block design, with the block interaction terms mean squares being pooled a priori with the error mean square. All effects were then tested over that error MS. The response variables used were the summed leaf heights in 1990, and the log of the total mass in 1991. The latter variable was log transformed to improve the normality of the distribution. It is important to note that these two response variables are not independent tests of the hypotheses, but represent two different measures of the same individuals during different years, and will be discussed accordingly. A priori orthogonal contrast statements tested for differences in performance between the ''home'' and ''away'' bulbils at each location. These contrast statements directly test for a local advantage for the ''home'' genotype. Additional post hoc comparisons were made using least squares means. All significance values for post hoc analyses were corrected for multiple comparisons. The overall treatment effect results from the multivariate analysis of variance (exact F statistics for the combined response variables) will not be presented here as they were essentially identical to the univariate results for total mass and did not change the interpretation of the data.
Analyses were run both with and without initial mass as a covariate (SAS, 1985) . The covariate was tested for linearity and homogeneity of slopes among treatments. There was a linear relationship between initial mass and both response variables, and slopes were homogeneous among treatments, with one exception. The slopes differed among the two sources (''home'' and ''away'') for the 1990 leaf heights. This difference will be discussed in more detail in the Results section.
A MANOVA was conducted on the log of the variance of the logtransformed leaf height and total bulb mass for each distance. This transformation removes effects of scale on variance (Lewontin, 1966) , and allows for tests on the relative variance in performance at different distances. This analysis also tests for homogeneity of variances, one assumption of the ANOVA (Sokal and Rohlf, 1981) . Distance from the center and source of propagule were considered fixed effects, with each block being a replicate (N ϭ 24). As in the previous analysis, the multivariate statistics will not be presented here as the results were identical to the univariate analyses for total mass.
RESULTS
There were large differences in total bulb mass due to distance from the center of the block (P Ͻ 0.001, Table  1 ), such that the plants farthest from the center had the lowest bulb mass. Specifically, bulbils planted at 25 and 50 cm from the center were significantly larger than those planted at 1000 cm (least squares means, corrected for multiple comparisons; 25 vs. 1000 cm, P ϭ 0.002; 50 vs. 1000 cm, P ϭ 0.010). This result was also demonstrated in leaf heights (main effect of distance, P ϭ 0.029; corrected least squares means, 25 vs. 1000 cm, P ϭ 0.042), indicating that differences in performance with distance appeared relatively early in the experiment.
There was also a marginally significant difference in the total mass of bulbs based on their source (P ϭ 0.056), with ''home'' plants being larger than ''away'' plants (Fig. 2) . There was no significant difference in leaf height based on the source of the bulbil (P ϭ 0.658). The large differences in performance among blocks, both for total bulb mass and leaf height (P Ͻ 0.001 in both cases, Table  1 ), indicate substantial spatial heterogeneity in the field.
As the primary focus of this experiment was on the relative performance of the ''home'' and ''away'' bulbils at each distance, a priori orthogonal contrast statements were used to examine their relative performance at each distance. The relative performance of ''home'' and ''away'' bulbils was significantly different at 25 cm, with the ''home'' bulbils having a larger total mass (P ϭ 0.002, Fig. 2 ), supporting the hypothesis that asexual propagules of Allium vineale are locally adapted.
Due to the fact that the variance was not homogeneous across distance for the log-transformed total bulb mass or for leaf height (variance in performance significantly increased with distance, see below), separate analyses were also run for the two closest distances (5 and 25 cm) and for the three farther distances (50, 100, and 1000 cm). Not surprisingly, the block effect was the only one that remained significant for leaf height (P Ͻ 0.001), as the original distance effect was primarily due to the dif-[Vol. 84 AMERICAN JOURNAL OF BOTANY Fig. 3 . Variance in performance at different distances from the center of the block. The dependent variable is the log transformation of the variance of the log-transformed bulb mass, summed over all blocks. The error bars represent 1 SE. There is a significant increase in the variance in performance with distance from the parent, but no significant difference between ''home' ' and ''away'' bulbils. ferences in leaf height between 25 and 1000 cm. For the analysis of total bulb mass at 5 and 25 cm, there was a significant distance ϫ source interaction (P ϭ 0.050). The ''home'' bulbils at 25 cm outperformed both the ''home'' and ''away'' at 5 cm, as well as the ''away'' at 25 cm, supporting the results of the contrast statements reported above. The source effect remained marginally significant (P ϭ 0.057), while the main effect of distance was not significant (P ϭ 0.144). In contrast, the 50, 100, and 1000 cm analysis of total bulb mass demonstrated only a significant main effect of distance (P ϭ 0.002).
The covariate, initial mass, had a significant effect on total bulb mass (P Ͻ 0.001, Table 1 ). When analyses were run without the covariate, differences due to the source of the bulbils increased from P ϭ 0.056 to P ϭ 0.0002, indicating that differences in initial mass among ''home'' and ''away'' bulbils translated into greater differences in mass at the end of the experiment. While the source (or genotype) of a bulbil affected its initial mass, neither the ''home'' genotype nor the ''away '' genotype was consistently larger in initial mass (''home'' Ͼ ''away'' in 11 blocks, ''away'' Ͼ''home'' in six blocks, no difference in seven blocks). No other results were altered by the use of the covariate.
Initial mass also had a significant effect on leaf height (P Ͻ 0.001). There were differences in the slope of the regression of leaf height on initial mass among the source treatments. When the covariate was not included in the model statement, the P value for the effect of source remained insignificant, although it increased from P ϭ 0.658 to P ϭ 0.074. This reflects the same overall pattern seen previously for total bulb mass. No other results were affected by omitting the covariate.
Additional analyses were done classifying the blocks by the field of origin of the ''away'' bulbils, which was either the study site on Duke University Road or a nearby field (Ͻ1 km away) on Erwin Road. The overall results presented above did not differ with the field of origin of the ''away'' bulbils. Both the main effect of the field of origin and its interaction terms were not significant when they were included in the model. In addition, the significance of the overall distance and source effects and the relative advantage for ''home'' bulbils at 25 cm were unchanged.
The variance in bulbil performance, as measured by the log of the variance of the log-transformed data, increased with increasing distance from the parent, both for total bulb mass (P ϭ 0.033, Fig. 3 ) and leaf height (P ϭ 0.042). There were no significant differences in the variance in performance between ''home'' and ''away'' bulbils.
DISCUSSION
This study demonstrates that asexual propagules of A. vineale are locally adapted to the environment around their parent. Firstly, dispersal distance from the parent affected the performance of propagules. There is a clear decline in performance with distance, with highest performance at distances within the normal dispersal range. Secondly, there was a clear advantage to the home genotype at 25 cm from the parent. Thus local adaptation occurred at the same scale as normal propagule dispersal, with the highest performance reflecting the mean dispersal distance of propagules in the field (mean dispersal distance, 34 cm; Ronsheim, 1994) .
In addition to the local adaptation seen at 25 cm, there is a trend for the ''home'' genotype to outperform the ''away'' genotype on a larger scale (10 m), as there was a marginally significant effect of the source of bulbils (P ϭ 0.056). However, this effect is clearly not as strong as the more local advantage described above, and should be interpreted with caution. All evidence for local adaptation was seen only after two years of growth, as the leaf height data from the first year simply showed an overall distance effect, thereby emphasizing the importance of long-term studies in perennial species.
Potential factors causing the relative increase in performance of ''home'' propagules 25 cm from the parent include biotic interactions with mutualistic arbuscularmycorrhizal (AM) fungi, rhizosphere bacteria, and soil pathogens, as well as abiotic factors such as light, nutrient, or water availability. Previous studies have demonstrated the importance of biotic factors in local adaptation. For example, Chanway and Holl (1994) found that two Douglas-fir ecotypes were locally adapted to the beneficial rhizosphere bacteria from their respective home sites. Local adaptation was also demonstrated among Lolium perenne and Trifolium repens individuals associating with Rhizobium leguminosarum and Bacillus isolates, where biotic specialization of the two plant species was caused by interactions with the local soil bacteria (Chanway, Holl, and Turkington, 1989; Chanway and Holl, 1990) . Studies have also demonstrated that plants are locally adapted to abiotic soil conditions (e.g., Nevo et al., 1986; Dudley, 1996) , although they have rarely focused at the scale of centimetres. The presence of local adaptation to abiotic soil factors has been demonstrated be-RONSHEIM-DISTANCE-DEPENDENT PERFORMANCE OF ASEXUAL PROGENY tween Allium vineale populations that were several kilometres apart (Bever, 1992) . Bever (1992) also found a negative effect of the local biotic soil community, with A. vineale showing a decrease in performance in the presence of the soil community from their field of origin. However, these results may not translate into within site differences. The data presented here demonstrate local adaptation at the scale of centimetres rather than kilometres, but do not allow the relative importance of biotic and abiotic factors to be determined.
The poor performance of ''home'' bulbils when planted very close to the parent (5 cm) relative to their performance at 25 cm is not predicted by the local adaptation hypothesis, and may be due to the presence of pathogens or intraspecific competition with the parent. These effects have been demonstrated in other species (e.g., Augspurger, 1983; Smith, 1984) , and may be an important selective pressure favoring dispersal of progeny away from the parent (Howe and Smallwood, 1982) . A. vineale forms dense clusters of bulbs and offsets that can be Ͼ10 cm in diameter, thus competition with the parent or its offsets is a likely explanation for the reduced performance at 5 cm. Long-distance dispersal (10 m) also led to reduced performance of progeny for both genotypes, indicating that overall suitability for A. vineale declines with distance from the parent. Vegetation types change on the scale of 10 m in this field (Antonovics, Ellstrand, and Brandon,1988) , thus propagules dispersing this distance would be likely to land in a different vegetative environment than would those dispersing shorter distances.
As the mean performance of progeny declines, the variance in progeny performance increases the farther they are from the parent. This is not surprising, as the positions at the 10-m distance are much farther apart than are those closer to the parent, and would thus be sampling a wider range of vegetation types. Thus, in addition to decreasing overall mean performance, farther dispersal distances also decrease the predictability of offspring performance. If there is selection for a high mean and low variance in performance (Venable, 1985) , shorter dispersal distances would be favored.
In one of the few studies examining the performance of sexual and asexual propagules at a scale similar to natural dispersal (2-3 m), Kelley, Antonovics, and Schmitt (1988) showed that Anthoxanthum odoratum tiller performance did not decrease with distance from the parent. Interestingly, while that experiment was conducted in the same field as the experiment presented here, it used a species that reproduces primarily sexually. Antonovics and Ellstrand (1985) did demonstrate local adaptation in A. odoratum in that field, but at a much larger spatial scale (up to 70 m). While a phytometer experiment demonstrated that A. odoratum responds to spatial heterogeneity at scales of 4-8 cm and 2-8 m (Antonovics, Clay, and Schmitt, 1987) , there was no evidence for local adaptation at that scale. Thus within the same field, two different species demonstrated local adaptation at very different scales, with the primarily asexual species showing the finest scale of local adaptation. Ecological factors unrelated to their breeding system could cause this difference between A. odoratum and A. vineale. For example, their competitive interactions with neighboring species are likely to be quite different, particularly given the fact that these two species grow during different times of the year. It is also possible that asexually reproducing species are more likely to show fine-scale local adaptaton, as asexual reproduction would act to limit gene flow, decreasing the break-up of coadapted gene complexes and increasing the chance for locally adapted genotypes.
Reduced gene flow has been shown to be advantageous in situations where populations are locally adapted. For example, Waser and Price (1989) found that Ipomosis aggregata offspring had lower fitness when the pollen came from fathers 100 m away than from fathers 10 m away, indicating that this species has an optimal outcrossing distance that is directly related to the scale of local adaptation in that population (Ͻ30 m). A similar test with both seeds and bulbils of A. vineale is now needed to determine whether sexually produced progeny show a loss of local adaptation relative to asexual progeny at the scale of Ͻ100 cm.
In summary, propagules with the same genotype as the parent outperformed other randomly chosen genotypes at distances relevant to the normal scale of dispersal of Allium vineale. Many previous studies performed in other contexts have focused on local adaptation at scales much larger than one would expect to find gene flow (e.g., Scheiner and Teeri, 1986; Van Tienderen and Van der Toorn, 1991) , and at scales beyond primary seed dispersal (e.g., Schemske, 1984; Antonovics and Ellstrand, 1985) . For local adaptation to be an important factor in the evolution of sexual vs. asexual reproduction, dispersal mechanisms and/or the evolution of breeding systems, it must occur at a relevant scale. The fine-scale local adaptation demonstrated here would favor individuals producing locally dispersed asexual progeny.
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